Introduction 28
Amino acids and their chemical derivatives serve as signaling molecules in several 29 biological contexts. Glycine and glutamate function as major inhibitory and excitatory 30 neurotransmitters, respectively, in the central nervous system (Kandel et al., 2013) . At 31 the subcellular level, these same two amino acids regulate ciliary function and stability 32 through a mechanism involving their competition for covalent addition of polyglycine 33 and polyglutamate chains to tubulin subunits incorporated into stable microtubule-based 34 structures (Raunser and Gatsogiannis, 2015) . complexity is reflected in the large number of genes that are mutable to a male-sterile 47 phenotype, and indicates that genes contributing to any of the many different cellular 48 Testes from 0-1 d old males were crudely dissected in Drosophila Ringers and 114 transferred immediately to a tube of Ringers on ice. Testes were then fixed for 15 min in 115 4% paraformaldehyde in buffer B (16.7mM KH 2 PO 4 /K 2 HPO 4 pH 6.8, 75mM KCl, 116 25mM NaCl, 3.3mM MgCl 2 ). Following fixation, testes were rinsed three times in PTx 117 (PBS+0.1% Triton X-100), washed for 30 min in PTx and blocked for at least 1 h in 118 blocking solution (0.01% NaAzide and 3% BSA in PTx). Staining with rhodamine-119 conjugated phalloidin was for 30 min in blocking solution (3 µg/ml). Testes were then 120 rinsed and washed with PTx. Testes were then finely dissected from remaining carcasses 121 in 50% glycerol and then mounted in 90% glycerol. Slides were stored overnight at 4°C 122 before imaging. Fluorescence images were captured by confocal microscopy (Leica TCS- glutamine, and 20 units/ml penicillin/streptomycin in 5% CO 2 , 95% air. The cells were 156 plated on poly-D-lysine-coated 24-wells plates (Nunc), grown to 50% confluence, and 157 transfected with 1 µg of total pRK5myc-hGlyT1, pRK5myc-hGlyT2, pRK5myc-Ntl or 158 8 pTMR-Ntl plasmid DNAs using Lipofectamine LTX reagent (Invitrogen). After 24 h, the 159 cells were washed twice with prewarmed buffer (118 mM NaCl, 1 mM NH 2 PO 4 , 26 mM 160 NaHCO 3 , 1.5 mM MgSO 4 , 5 mM KCl, 1.3 mM CaCl 2 , 20 mM glucose) pre-equilibrated 161 with 5% CO 2 , 95% air. After 2 min, the cells were incubated for 5 min in 0.1 µCi/ml 162 
Generation of Ntl-dMARCH8 double mutant 170
Ntl-dMARCH8 double mutants were generated by crossing Ntl/CyO males to 171 dMARCH8 7A /CyO females. Straight-winged female progeny obtained were crossed to yw, 172
Gla/Sm6a males. Isomales from this cross were crossed again to establish balanced 173 stocks. Males from these established stocks were checked for fertility by crossing to yw 174 female virgins. Males from sterile stocks obtained were screened for complementation 175
with Ntland dMARCH8mutants. 176 177
Results 178
Amino acid sequence alignment of dMARCH8 (CG13442) with human MARCH8-179
E3 ubiquitin Ligases belonging to the RING protein family 180
A ClustalW alignment of the predicted dMARCH8 protein sequence with human 181 MARCH8 is shown in Figure 1A missing or produced products with altered size as compared to wild-type DNA (Table 2) . 209
These results indicated that the deletion carried by the dMARCH8 7A mutant removes the 210 sequences encoding the RING domain and both transmembrane domains (Table 2) . 211 Furthermore, qRT-PCR analysis of this mutant revealed a significant reduction (80 +/-212 5% in dMARCH8 expression ( Fig. 2A ). The dMARCH8 7A allele was used for the 213 remaining phenotypic analyses. 214
Testis Specificity of dMARCH8 expression 215
qRT-PCR analysis confirmed that dMARCH8 expression was male-specific and limited 216 to the testes ( Fig. 2B and C). Expression in females was 90 +/-5 % lower than in males, 217 and in the adult heads and carcass of males, it was 98 +/-1% lower than in the testis. 218
Rescue by Germline Transformation 219
We used a P-element based construct for germline transformation with CG13442/ 220 dMARCH8, to confirm that the male sterile phenotype in our mutants is caused solely due 221 to disruption of dMARCH8. insertions of this construct were tested and they both rescued the mutant. All the males 230 homozygous for the dMARCH8 7A deletion and carrying pTMR-dMARCH8 or BAC-231 dMARCH8 constructs were fertile. Results from the rescued line are presented in Fig.  232 2D. The male-sterile mutations obtained after mobilization of the Mi{MIC} transposon 233 therefore result from disruption of dMARCH8. 234
Spermiogenic-defective phenotype of dMARCH8 mutants 235 dMARCH8 7A / dMARCH8 7A males produced elongated spermiogenic cysts ( Fig. 3 ), but 236 we did not detect mature sperm in the seminal vesicle (SV) (Fig. 3B, arrows) . In contrast, 237 wild-type control seminal vesicles were filled with mature sperm (Fig. 3A, arrows) . No 238 motile sperm are seen in dMARCH8 7A / dMARCH8 7A squash preparations, unlike in the 239 wild-type controls, where dense masses of mature motile sperm were evident ( Fig. 3C,  240 arrow). Instead, an extensive mass of sperm bundles accumulated at the base of 241 
Demonstration of Glycine transport activity from Ntl expression in mammalian cells 257
To test whether the Drosophila Ntl protein was capable of glycine uptake, we tested the 258 capacity of recombinantly-expressed Ntl to mediate the uptake of [ 3 H]glycine, using 259 human GlyT1 and GlyT2 cDNAs (Carta et al., 2012) as controls. As expected, both 260 pRK5-GlyT1 and pRK5-GlyT2 constructs resulted in significant increases in [ 3 H]glycine 261 uptake compared to vector only controls (pRK5-GlyT1: 345 ± 42; pRK5-GlyT2 299 ± 262 38). Both Drosophila Ntl expression constructs also resulted in statistically significant 12 [ 3 H]glycine uptake (pRK5-NTL: 245 ± 24; pTMR-NTL: 344 ± 59) confirming that Ntl is 264 a fully-functional glycine transporter (Fig. 4) . 265
Reduction of ubiquitination of testis proteins in dMARCH8 mutants 266
Since dMARCH8 is a member of the E3 ubiquitin ligase family, we assayed dMARCH8 267 mutant males for total ubiquitination of testis proteins using an anti-ubiquitin antibody 268 The spermiogenic defect of dMARCH8 mutants at the microscopic level is similar to that 286 seen in Ntl, which encodes a glycine transporter in whose absence polyglycylation of 287 testes tubulin is significantly reduced and sperm fail to be transferred to the seminal 288 vesicle. We therefore analyzed the levels of polyglycylated and polyglutamylated tubulin 289 in testis protein samples using antibodies directed against poly-G and poly-E. 290
Quantitation by scanning the results from six independent experiments, using α-tubulin as 291 a loading control showed an average of 50% reduction in poly-G signal in the 292 dMARCH8 7A mutant samples relative to wild-type controls (Fig 5B) . Similarly, for the 293 13 poly-E signal, quantitation from three independent experiments exhibited an average of 294 70% reduction in dMARCH8 7A mutants compared to wild-type controls (Fig. 5C) . 295
Polyglycylation and polyglutamylation in a Ntl-dMARCH8 double mutant 296
Since the Ntl mutant exhibits a similar phenotype to the dMARCH8 mutant, and it also 297 shows a predicted interaction (STITCH database) with dMARCH8, we analyzed the Ntl-298 dMARCH8 double mutant for polyglycylation and polyglutamylation levels of tubulin in 299 three independent experiments. We observed that in both the Ntl mutant and the Ntl-300 dMARCH8 double mutant, poly-G levels decrease while the poly-E levels increase ( Fig.  301 5D,E and F). Perhaps most strikingly, loss of Ntl in the dMARCH8genetic background 302 restores levels of polyglutamylation to wild-type levels (compare Fig. 5C and 5F ). In this 303 system, polyglutamylation appears to be very sensitive to glycine levels, Indeed, of all organs examined in rats, ubiquitination has been reported to be highest in 325 testis (Rajapurohitam et al., 2002) . Combined with the observed genetic sensitivity of the 326 spermiogenic process, these considerations indicate that details of cellular ubiquitin 327 function may be accessible through the characterization of male-sterile mutations in E3 328 ligase genes. Studies of mammalian spermatogenesis have implicated ubiquitination in 329 the regulation of multiple spermiogenic stages, including nuclear condensation, acrosome 330 formation and membrane transport (Nakamura, 2013) . 331
Here we have observed that loss of the E3 ubiquitin ligase dMARCH8 results in a male-332 sterile phenotype very similar to that observed in mutants of the transporter Ntl. We have 333 also shown Ntl mediates the uptake of 
